Abstract -This paper is devoted to a full-time work experience at the German Aerospace Center (DLR). I was investigating GNSS-Reflectometry techniques in order to provide detailed information about sea state including wind speed from reflected GPS signals recorded during some experimental flight part of the GEOHALO project. Moreover, investigation of direct and reflected microwave signals and methods were used to process the collected data for monitoring geophysical parameters about sea state and wind interface during the flight and compared with other in-situ measurements such as data from buoys network and Earth observation satellites. This paper discusses theory, methodology and application of acquisition and post-processing of scattered signals over the Mediterranean Sea surface during the GEOHALO-GNSS-Reflectometry flight mission flown on June 2012.
Introduction
One of the goals of the GEOHALO project was to build and test a GNSS-R receiver prototype, capable to provide raw in-phase and quadrature (I/Q) samples at a high sampling rate for a configurable set of slave correlators. From these, amplitudes of the reflected (or better scattered) signal over a range of delays can be computed. This "waveform" relates to the properties of the reflecting surface and can, in principle, be used to infer sea surface roughness and wind speeds.
In order to better understand the GNSS-R principles and process the data recorded from such prototype receiver, the work were divided into four main phases:
1. Study state of art of signal processing algorithms for GNSS-Reflectometry and select the most relevant one(s) which use the forward scattered range-coded signals from the GPS in order to measure the sea roughness. Select the most relevant models (Elfouhaily and Kirchhoff) to extract the sea's state information. 2. Investigate the sensitivity of waveforms' shape to wind direction, inverse wave age and wind speed from collected data. 3. Retrieve relevant weather information from different global repositories and providers for comparison with the data collected during the flight. Weather data could be obtained by satellite observation or by in situ measurements from the Italian buoy's network. 4 . Compare the collected data from GEOHALO mission with the theoretical models and analyse the sensitivity of the GNSS-R receiver prototype to the sea state.
Background
Generally speaking, multipath signals are considered as an undesirable interference in positioning and navigation and should be suppressed because it deteriorates the accuracy of positioning. Recently, multipath delay of the reflected GNSS signal has been recognized as a potentially useful signal in remote sensing applications. In addition to altimetry measurements, measurement of reflected signals from "multi-GNSS" transmitters can potentially provide accurate estimates results of the wind speed based on analysis of statistical fluctuations of the wave phases. The sea surface is not a flat surface that is a reason why that roughness is described by some statistical parameters.
The Global Navigation Satellite System (GNSS) are positioning and navigation systems that use satellites for providing geo-localisation services for civil and military purposes. The GNSS are operating in medium Earth orbits, from 19000 to 25000 km with large inclinations and cover most of the Earth's surface. Even though many different systems are available such as GLONASS (Russian Navigation System), Beidou (Chinese Navigation System), GALILEO (European Navigation System) and Japanese QZSS (Quasi Zenith Satellite System), only one, GPS (US navigation System), is currently fully deployed and operational [1] .
All systems use the same L-Band frequency. GPS uses Code Division Multiple Access (CDMA) in L1, L2 and L5 band. The signal modulation for GALILEO is similar to that used by GPS signals, namely Code Division Multiple Access (CDMA). GLONASS uses Frequency Division Multiple Access (FDMA) in L1 and L2 band. In the near future, in order to provide better accuracy of positioning, GNSS receivers are supposed to be able to process signals from all GNSS constellations.
All these GNSS signal features make excellent source for monitoring the sea's surfaces. The potential of the reflected signals from GPS for measuring the sea's altimetry can be improved through the phase measurement of the carrier wave. The reflected signals are inherent in the extent geometry of the Doppler measurements.
However, phase carrier wave measurements are difficult to achieve because of the short coherence time of the signal and the existing relationship between the latter and the average water roughness surface. Nevertheless, in the near future the GPS and the European Galileo GNSS system will send several civilian signals using at least three different carrier waves.
The basic of GNSS-R concept
Global Navigation Satellite System Reflectometry (GNSS-R) is relatively new technique in remote sensing application, using the GNSS reflected signals over the Earth`s surface. This concept is also called passive bistatic radar, due to the fact that the receiver is static and transmitters are located at the different locations.
The Passive Reflectometry and Interferometry System (PARIS) concept was invented in 1993 by ESA/ESTEC for observing ocean altimetry from GPS signals after their reflection of the ocean surface. Today PARIS is being developed for use in various remote sensing applications, such as study soil moisture and biomass or changes of sea ice level and snow classification (categories of ice age/thickness), the thermohaline circulation of fresh water observed by melting or iceberg calving, roughness of the sea and snow or ice, ocean wind speed etc. Also, very important application of this technique is to obtain topographical parameters in future applications [2] .
The delay between reflected and direct signal can be used to extract the information about wave height, wind speed and direction and to determine receiver altitude. In addition to the high accuracy for positioning and timing, GPS has provided also a potential highly precise bi-static radar using microwave (L-band) signals.
As already mentioned, GNSS-R is the remote sensing technique used to measure the GNSS opportunity microwave signals which are reflected over the Earth's surface. In this process, the transmitter is the GNSS (GPS) L-band satellite and the receiving platform is a GNSS-R receiver. The gathered reflected signal from various surfaces can be received by an airplane, Low Earth Orbit (LEO) satellite or ground-based receiver instrument [3] .
Despite the GNSS-Reflectometry technique which is monitoring sea state, GPS signal can possibly be used for:
Ȃ GNSS-Radio Occultation for observing atmospheric sounding including water vapour, temperature etc. Ȃ GNSS-Scatterometry for sea state (wind speed and direction).
Basic of GNSS-R Operating Principle
The GPS receiver receives an echo (or waveforms) from a satellite in the GNSS constellation of a reflected signal of the Earth surface and at the same time receives a direct signal from the same GNSS satellite. The analysis of the reflected radar waveforms characterizes the roughness of the surface and deduces parameters of height of the waves. The delay measured between the two signals allows to calculate the surface state and height [4] .
Specialized receivers were developed to acquire the reflected GNSS signals on a suitable surface for different experiments to observe and monitoring ocean and sea surfaces. The receivers were carried by aircraft for GEOHLO experiment.
The GPS transmit signals to Earth's surface where majority of them are reflected from the glistening zone and immediately after they change theirs from right hand circularly polarized polarization (RHCP) to left hand circularly polarized (LHCP) signals.
The RHCP and LHCP antennas feed direct and reflected signals to radio frequency (RF) receiver than in turn feed software (SW) (GPS slave and master) and process the data received [5] .
For GNSS-R, it is very important to distinguish RHCP type from LHCP. The right hand circular polarization is described over time in the direction of clockwise and left hand circular polarization is described as an anticlockwise (according to Maxwell's equation reflected signal change its polarization from RHCP to LHCP) [4] .
These signals scattered over the glistening zone are received by LHCP antenna on the bi-static GPS receiver pointed looking downwards. The second antenna (RCHP) right hand circularly polarized antenna located on the same GPS receiver, pointed towards the sky to receive direct GPS signal (Figure 1 taken from [7] ). The power of reflected signal depends on the glistening zone and on permittivity parameters of its surface such as temperature, humidity or salinity.
Specular point is physical contact of signal with surface in glistening zone. If the reflecting surface were perfectly flat, there would be a specular reflection.
Diffuse reflection is indeed due to the roughness of the surface. This is particularly interesting because it will be possible to infer characteristics of the roughness of the sea surface by analysing the diffuse component of the reflected signals.
Figure 2. Gaussian probability distribution
The sea surface, waves slopes can be represented by a Gussian probability distribution (also called "bell shaped curve" or normal distribution, (Figure 2 ). This Gaussian model is used to modelling the sea surface.
Each specular point has Scattering coefficient which actually enables to forward the incoming signal from transmitter to receiver which is already reflected on sea's surface. It is necessary to underline that the signals reflected from different glistering zone have different relative delay.
The distribution in path delays depends on rough surface and its glistening zone. The distribution of path delay increase when the sea surface is not flat and when glistening zone increase in large.
The size of glistening zone depends on surface roughness, receiver height and incidence angle ș.
Implementation of geodetic measurements in GNSS-R
The dynamic sea surface topography is a variation of topographic maps which represent measurements of sea surface height relative to Earth's geoid. Sea height depends on ocean motion, temperature and salinity.
Wave steepness is defined as the ratio between wave height and length. They are much more severe when wave's length and period increase gradually. Significant wave height (SWH) is the average of the top third height of all waves that arrive in a given period [9] .
The fundamental relation between GNSS and geodesy is to update and control the unique global geodetic network (surveying triangulation network) defined in the international reference frame. The evolution of geodetic networks to active networks using satellite positioning systems is the most significant development in recent years. Space geodetic techniques provide accurate position and time to points in defined reference systems. The precision of the phase and delays depends on the structure and dynamics of antenna, signal path and instrumental errors of receiver and transmitter. For the accurate results of measurements it is necessary to include the stochastic model of errors such as geophysical phenomena, error of perturbing the orbits, ionosphere and troposphere refractivity, antenna patterns, etc. The correlated measures represent the equation of observed data corrected for different present phenomena (errors).
To determining the location of the specular point what is a part of post processing work, it's necessary to use the navigation data of aircraft with NGS (National Geodetic Survey) ephemerides and time provided from the GPS [10] .
The position of specular point is directly related with accuracy of the GPS orbit position. Timing of the measurement provided by the GPS can be directly tracked in the SDMR with four satellites or in the PDMR with only one satellite what is less accurate.
The Global Navigation Satellite System (GNSS) is important contributor for measurements in geodesy and the other geosciences, using its capabilities of timing, position and location determination.
From the fundamental physical aspect reflected GNSS signals on the sea surface can be modelled by a geometrical optics model. The reflected signals are managed by the data such as the radius of curvature and the probability density of the slopes of the surface. This probability density can explain the interaction between the atmosphere and the sea surface.
To monitor the sea surface it is necessary to observe the three main parameters in the generation of waves:
Ȃ The wind speed at ten meters of the surface Ȃ The duration of the wind Ȃ The fetch, or the distance over which sea area (or effective area) the wind was blowing at a constant speed [6] . The surface of the sea can be seen as the result of random processes. Indeed, the complexity of the physical phenomena which is involved makes it particularly difficult, to perfectly determine windsurface interaction of the sea. That is why it is common to use its statistical properties to describe those phenomena [6] .
As already mentioned, the roughness of the sea surface has an influence on the shape and size of the reflection, which has the effect of altering the shape of the slopes: when surface is not flat but rough, slopes obtained will be flattened and the characteristic roughness [4] .
The airplane position is not stable over time, that causing a change in the distance between the transmitter and the receiver over time and could be characterized by a Doppler effect.
GNSS-R signal processing techniques produce various forms of outputs such as: delay waveforms (DWs) and delay Doppler Maps (DDM).
The process of determining the characteristics of the sea surface is divided into three [11]:
1. Creation of a theoretical model 2. Creating the map Delay-Doppler from the observation of the reflected signal 3. Analysis of Delay-Doppler map: characterization of the sea surface. GNSS reflectometry theoretically not only allow altimetry, but also to mitigate the different characteristics of the reflected signals from different glistering zone. The roughness of each point of the surface has specific delays (different Doppler frequency offset) and the results of that leads to the production of maps or DDM (Delay Doppler Map). Hence, different Doppler waveform contains information about the reflected power along the sea's surfaces.
Scattering model
Working on the data processing which was collected during the GEOHALO flight mission, the most important thing is to find a method and model that will best suit GNSS-R experiment.
The theoretical bi-static electromagnetic models for signal processing are based on the Kirchhoff and Elfouhaily Models.
Before approximating the sensitivity of GPS receiver built by DLR for this experiment, it is mandatory to separate work into two main parts. One part will retrieve experimental data collected from GEHALO mission flight and other one modelled data, obtained from theoretical model. Results for same reflected waveforms, from both parts will be compared for the final conclusion of estimation of the accuracy of receiver.
This chapter will focus only on the modelled data obtained from the most relevant models which suite our experimental data. To extract the sea's state information is strongly focused to wind speed and wind direction. Elfouhaily and Kirchhoff's model are investigated in this process which Scott Gleason, Stephen Lowe and Valery Zavorotny were explained very well in book "GNSS application and methods". Most of their equations are present in this chapter and they were used to compute scattered model for GEOHALO experiment.
A principle step in this treatment is to gathered insitu wind speed measurements from satellite or buoy's network. That data are put into the Elfouhaily model to extract data distribution of sea slopes. Kirchhoff theoretical model helps to estimate and understand the expected behaviour of scattering signal from glistening zone.
With equation (1) is presented how scattered signal u (t) arrives into receiver with position and then can be modelled by the integral which is taken over the MSS [12] [13].
Where is:
Ȃ Effect of surface roughness emerge as equation (3) [13] .
Where,
Ȃ
Depends on a complex Fresnel coefficient V, where the way how the V is turn depends on the way a signal polarization state, dielectric constant and the incidence angle. Ȃ is fixed position of the transmitter and the receiver above a surface (this vector is correlated with function of the coordinate in the main surface plane). Ȃ P ( is PDF (probability density function) of . PDF has maximum at s=0 and BRCS has at [13] .
The characteristic shape of two dimensional (2D) waveform or Delay-Doppler Map (DDM) represents convolution of the WAF and BRCS function.
With Gaussian distribution anisotropic bivariate it is possible to approximate the gradual and linear surface gravity form PDF (equation (2)).
Equation (3) and matrix (M) (5) help to observe waveforms but only under well weather condition when waves and wind have equilibrium. It is also possible to use them to observe wave forms distribution of surface slopes connects with wind speed and direction [13] .
Where, Ȃ M is matrix called Directional Mean Square Slope (MSS) Ȃ Is angle between x axis and wind direction (up-down direction) Ȃ Wave numbers, where and is incidence angle (GPS elevation angle) and radio wave length Ȃ Up-wind MSS Ȃ Cross-wind MSS Ȃ It is total MSS and it could be driven from a surface evaluation wave spectrum [13] . Equation (7), is wave spectrum from Elfouhaily model (unified directional spectrum) which describe waves driven by wind under fetch (wave age) [13] .
Where, Ȃ FT Fourier transform operator Ȃ Surface elevation (with 0 mean) Ȃ R horizontal lag over the surface Under different weather condition (e.g. when wind is blowing stronger than during the calm period) the slopes become greater and glistening zone at the same time increase as well.
We should know that not all of slopes follow the Gaussian shape.
Two dimensional GNSS reflected waveforms show us map of glistening zone shape and slope's orientation of the ocean surface.
One dimensional GNSS reflected waveforms it's possible to retrieve the surface roughness and wind speed.
Reflected GNSS waveform depends on wind speed and wind direction. For different wind condition onedimensional waveforms are more sensitive to wind in high located receiver altitude than in lower. Reason for this case is because glistening zone become smaller with decreasing aircraft altitude. To increase accuracy for wind measurements it is necessary to located aircraft relatively high. The altimetry of receiver increase, the waveforms become more and more starched.
Approximation of Waveform Shape
One-dimensional waveforms are very sensitive on the wind direction. The symmetry of (BRCS) and (triangularly shaped correlation function) projected onto surface of the Earth and wind direction forms angle . Together angle and incidence plane form one dimensional waveform. This dimensional form is same for angles. This ambiguity could be reduced if we use additional measurements with different azimuth and use calibration data from in-situ sources such as buoys network or satellite observation [13] .
The generate (8) model of waveform which could approximate waveform shape it is possible to build using equation which summarize relationship between theoretical model and functional dependence on geophysical parameters such as:
Wave age ( ) depends on state of sea its surface stability. Three type of wave is possible to detect:
One of the most important equations is the Elfouhaily model using for calculating unified directional wave spectrum for wind driven waves. Elfouhaily spectrum is restricted to sea wind and it is defined for all wave numbers k and can be brought to use in analytical electromagnetic models (Figure 3) [10]. 
Results
HALO stands for The High Altitude and Long Range Research Aircraft for atmospheric and geoscientific research. The project was founded by the German Federal Ministry of Education and Research and Max-Planck Gesellschaft. The concept of GEOHALO mission was to provide on board flying laboratory with scientists who will be focus on the geodetic-geophysical instrumentation for gravimetric and magnetometric measurements beside geodetic and geophysical measurements, few experiment including DLR's, was dedicated to work on collection data for GNSS-Reflectometry, Scatterometry and Radio Occultation [14] .
The participants of GEOHALO flight mission were TUD (Technical University of Dresden), GFZ (Deutsches Geo Forschungs Zentrum), IEEC (Institutd 'Estudies Espacials de Catalunya), BGR (Bundesamt für Geoinformation und Rohstoffeand) and DLR (Deutsches Zentrum fur Luft und Raumfahrt).
The TUD was the principle investigator of the GEOHALO campaign involved with other scientific institutions. Each institution had separated instruments on the board and different aims during this mission. The plane was equipped with 8 GPS antennas, laser altimeter, scalar and a vectorial magnetometer, two gravimeter and 4 racks.
From the very beginning, GEOHALO mission was planned to flight over the Eastern Mediterranean (Aegean Sea) and doing different geophysical experiments. However, due to disagreement in international law the flight plan has been changed. The final decision done to flight over South Mediterranean including Adriatic Sea, Tyrrhenian Sea and Ionian Sea.
Certification process pre-flight it was required to ensure a safe mission. The GFZ, DLR, IEEC and TUD had to provide detailed experiment description with technical and tests documentation including authorization of German air traffic administration.
The 6th of June 2012 was launched the first flight of this mission from DLR's airport in Oberpfaffenhofen, Germany. Overall, it was in total four mission flights on four days. Flights were over the Italy and its coast that was about 16,500km in 33 hours of flight time. On Figure 4 is presented by different colour four flight path during GEOHALO mission (1st day-Blue, 2nd daygreen, 3rd day-red and 4th day-rose). GEOHALO aircraft for GNSS-R experiment was equipped with two antennas, one looking up and the other one situated on bottom of the plane to looking down. Up-looking antenna (zenith) collects direct signals from GPS and this signal is also processed to provide accurate position of aircraft. Down looking antenna (nadir) collects the reflected signals from Earth's surface.
Depending on the GPS elevation, lateral antenna will receive the direct and reflected signal for lower GPS position what is the main disadvantages for nadir antenna. Some variations propose the possibility to use two lateral antennas for providing RHCP and LHCP outputs at L1. In this case lateral antenna will estimate relative magnitude between direct and reflected signals based on the principle of Fresnel coefficients.
The prototype version of receiver for GNSS-R experiment was built in GSOC (German Space Operation Center) at DLR, based on GNSS NAMURU receiver developed at SNAP University of New South Wales, Australia and an Altera Stratix III [15] .
The main components of electronic unit are: Ȃ FPGA board contains Startix III Ȃ Namuru II board Ȃ Rubidium clock Ȃ Generators for calibrating signals come from zenith antenna Ȃ Front-end calibration unit Ȃ Calibration signal network Ȃ I/O interface for downloading data from Data logger Ȃ Data logger In total 8 front ends, two on the NAMURU receiver and six of them on Stratix III FPGA board. The frontends of NAMURU receiver were configured for reception and processing L1/L2 GPS signal ( Figure 5 ).
Figure 5. DLR's GPS receiver
Data logger were developed to for recording of measurement data to I and Q raw samples of master and slave channels for later post processing [14] .
The first day of GNSS-R mission were the 6 of June 2012 started at 6:22 AM and finished at 3:20 PM (CEST). During the first day of mission, flight path has created cross section over the Italy, which served for later flights as points of intersection with longitudinal profiles. This structural flight path forms the matrix for the measurements (Figure 6 ).
The raw data collections were exploited and in details represented using the Google Maps. Each plotted point give information of plane position, time, latitude, longitude, altimetry and its speed.
The way of flight first leg over the Alps and continuous to course for a waypoint in northern Adriatic Sea which is actually began the first measurements of the cross section. The total amount of collected data during this mission was about 200GByte [14] .
As already was explained in the chapter 3, final result of GPS' receiver accuracy is obtain by comparison between two results; experimental and modelled. To reach main goal of mission, experimental and modelled slopes have to be plotted.
Modelled data
For weather forecasting and monitoring the wind speed and direction reliable measurements could be carried out by satellite using the Microwave radiometers, microwave scatterometers, SAR and altimeters instruments but also using a buoy's network.
First of all, weather data were retrieved from satellite and archived on global web page "MyOcean". Below weather data (wind speed and wind direction) were retrieved from same web page.
The products contain daily gridded sea surface wind observation from operational L2 scatterometer from the EUMETSAT (METOP-A) with 0.25 degrees resolution [16] .
From archive collection it was extracted one reflected signal which fitted position and time of experiment flight.
The chosen signal was the time pass for 8th Jun 2012 (second flight day) of MetopA satellite in 25 km grid spacing descending node for 39deg latitude and 19deg longitude at 10:31CEST.
According to time and position of reflected signal, wind speed also contains gridded model used for the ambiguity removal. Figure 7 shows plotted wind speed; results provided from MyOcean [16] . For more accurate result of receiver's sensitivity it is necessary to create few models test with approximate input wind speed data; one from chosen reflected signal and two more (test data) with 1m/s and 10m/s wind speed. All this modeled plots will be compared with experimental plots. The closer plots to experimental slope will actually be final result to sensitivity of GPS receiver for this test.
The given data of wind speed, wind direction, eastward speed and northward speed will be used for computing and insert to Kirchhoff and Elfouhaily models.
Input Elfouhaily Model into Kirchhoff Model helps to estimate and to understand the expected behavior of scattering signal from glistening zone. Glistening zone depends on wind speed condition.
To output Doppler Delay Map (DDM) from Kirchhoff model three main elements are involved:
Ȃ Reflection power Ȃ Delay Ȃ Doppler Reflection power is related with power of scattered signal over the glistening zone. Next Figures 8 and 9 shows how for different weather condition could impact on the power of reflected signal. Power decrease in a specular point and spread over the glistening zone when wind speed increase.
From 1 m/s and 10m/s wind speed plots reflected power is more focused in the center of glistening zone under the calm weather conditions (1 m/s).
It has been concluded that the size of glistening zone depends on variance of surface slopes. The larger variance of surface slopes became when glistening zone is larger. The strongest scattered signal comes from centre of glistening zone. Under the different weather conditions sea state is changing radically. Figures 13 and 14 show the expected waveforms for wind speeds 1 m/s and 10 m/s respectively. Up-wind and cross-wind are the main factor for that according to Elfouhaily model.
The experimental slope is similar as mentioned above to modelled plot. Comparison between them gives conclusion of GPS receiver's accuracy, but for confidence in that important final result it is recommended to repeat process for few more reflected points differently located over the flight path.
The important thing here is to analyse the tail of the waveforms. They tend to decay slower as the wind speed increases. Our measured waveform lies between the 1.5 and 2.0 m/s. Figure 15 . Tail of the waveforms What we can conclude here, is that the point that we retrieve from MyOcean is too far away (200km) from experimental point, so the correlation to the local wind is lower (Figure 15 ).
For the final result is also recommended to use modelled data from in situ measurements such as buoy points from Italian buoy's network.
Example given in Figure 16 : Point measured by satellite (MEtopA) is away approximately 200km form GEOHALO specular point and buoy point (CROTONE) is located around 71km from same GEOHALO point. Data collected by satellite and buoy point could be used as modelled data for experimental measurements. Theoretically both in situ measurement results give more-less the same result of wind speed. Figure 16 . Position of specular point and distance of buoy point and satellite over flight at the same time
Conclusions
Working on project, basically that was the first step in comparison between post-processed data and modelled data for this GEOHALO GNSS-R mission to obtain information about wind speed using GNSS-R technique.
It was observed the sea surface, focused on the wind speed 10 meters over the surface and its duration of blowing with a constant speed.
Work was divided into two parts, experimental and modelled. Both of the output data after their comparison gives results of GPS receiver accuracy. Experimental data was collected during the flight mission and in laboratory post processing. Modelled data were provided from satellite observation and input in theoretical Kirchhoff and Elfouhaily's model.
Basically trough this paper it was explained theoretically and methodologically how to process reflected signal and how to plot its results.
For this experiment it was used only one modelled slope of reflected signal what is not enough to give reliable conclusion of receiver sensitivity.
It is strongly recommended to repeat the same process with few more reflected signals and conclude the accuracy of GPS receiver.
To obtain more accurate results of GPS receiver's sensitivity, modelled slope could be made by using insitu measurements as an input data, for example from the Italian buoy's network.
Interesting recommendation for future work will be to do a systematic inspection and screening of the existing data for "interesting "occultation events and its possibly comparison with test data collected by the GFZ and IEC instruments on the same flight during the GEOHALO mission.
Step later will be to discover the methods and models for plotting a wind direction from same project.
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